C were 2Í88 and 2Í77 min for Nis r ATCC 700301and ATCC 700302, respectively, which was signi¢cantly (a 0Í05) lower than the D-value for WT, 3Í72 min.When Nis r cells were subjected to a combined treatment of heat and nisin, there was approximately a four log reduction during the ¢rst 7 min of treatment.
) mutants, which may compromise the use of nisin in the food industry.The objective of this research was to compare the heat resistance of Nis r and wild type (WT) Listeria monocytogenes.The synergistic e¡ect of heat-treatment (55 C) and nisin (500 IU ml
À1
) on the Nis r cells and the WT L. monocytogenes Scott Awas also studied. When the cells were grown in the absence of nisin, there was no signi¢cant (a 0Í05) di¡erence in heat resistance betweenWTand Nis r cells of L. monocytogenes at 55, 60 and 65 C. However, when the Nis r cells were grown in the presence of nisin, they were more sensitive to heat at 55 C than the WT cells.The D-values at 55 C were 2Í88 and 2Í77 min for Nis r ATCC 700301and ATCC 700302, respectively, which was signi¢cantly (a 0Í05) lower than the D-value for WT, 3Í72 min.When Nis r cells were subjected to a combined treatment of heat and nisin, there was approximately a four log reduction during the ¢rst 7 min of treatment.
INTRODUCTION
Food safety has become a presidential priority in the United States (Anonymous 1997) . Recently, changes in the consumer needs due to high demand for ready-to-eat foods have lead to the emergence of newly recognized foodborne pathogens including Listeria monocytogenes (Altekruse and Swerdlow 1996) .The concerted regulatory e¡ects of the 1980s appeared to bring listeriosis under control (Klima and Montville1995), but recent recalls and outbreaks demonstrate L. monocytogenes is a continuous threat. In August 1998, the second largest outbreak of listeriosis in the United States occurred. This outbreak involved 13 states and caused six deaths, two spontaneous abortions and 50 illnesses (Anonymous1999).
Nisin has a broad spectrum of activity against L. monocytogenes, Staphylococcus aureus, Bacillus cereus and Clostridium botulinum. Nisin acts at the cytoplasmic membrane of sensitive cells by a multistep poration process (Garcera et al. 1993; Winkowski et al. 1994; Driessen et al. 1995) . Nisin is currently approved in over 50 countries including the USA (DelvesBroughton et al. 1996) and has a Generally Recognized As Safe (GRAS) status since 1988 (Federal register 1988) . It is used as an antibacterial agent in many foods, such as reduced-cholesterol liquid whole eggs, sauces and standard salad dressings among others (Federal Register 1994) . The e¤cacy of nisin as a food preservative could be minimized by the emergence of Nis r mutants that are easily isolated in the laboratory (Ming and Daeschel 1993; Mazzotta and Montville1997) .
Heat treatment controls L. monocytogenes in many foods (Mackey and Bratchell 1989) . The heat resistance of bacteria is characterized by two parameters, D-(decimal reduction time) and z-values. The D-value is de¢ned as the time required to kill 90 % of the cell population. z-values are de¢ned as the increase in the temperature ( C) required to reduce the D-value by 1 log cycle. Heat and nisin can be used in combination. When nisin at 25 or 50 IU ml À1 is added to milk heated at 54^65 C, the heat resistance of L. monocytogenes is reduced. Nisin at 50 IU ml À1 reduces the D 54 C from 11Í76 min to 2Í41min (Maisnier-Patin et al. 1995) . In coldpack lobster meat, 25 mg kg À1 of nisin in combination with heat also produces a higher log reduction (Budu-Amoako et al. 1999) . Nisin and heat act synergistically against Lactobacillus plantarum and Listeria monocytogenes (Mahadeo and Tatini 1994; Ueckert et al. 1998) . Synergistic use of nisin with heat could lead to decreased thermal process requirements and improved food quality.
The objective of the research was to evaluate whether nisin resistance in L. monocytogenes leads to increased resistance to heat relative to the wild type cells.The heat resistance of Nis r L. monocytogenes was compared with the wild type cells at 55, 60 and 65 C. The survival of Nis r L. monocytogenes to the combined treatment of moderate heat (55 C) and nisin (500 IU ml
À1
) was also studied.
MATERIALS AND METHODS

Bacterial cultures and media
Wild type (WT) Listeria monocytogenes Scott A was obtained from the Food Research Institute, Madison,WI, USA. Nis r L. monocytogenes ATCC 700301 and ATCC 700302 isolated at 10 and 30
C (Mazzotta and Montville 1997) were used in this study.The cultures were maintained on slants of solid media, containing 2Í75% Trypticase soy broth without dextrose (BBL Microbiology Systems, Cockeysville, MD, USA), 0Í6% yeast extract (Difco Laboratories, Detroit, MI, USA), 0Í5% dextrose (Difco) (TSBYG) and 1Í5% Bacto-agar (Difco) at 4 C. The slants for Nis r cells were supplemented with 500 IU ml À1 of nisin. Prior to use, the stock culture was transferred into 10 ml of TSBYG broth and incubated overnight at 30 C. For Nis r cells, TSBYG was or was not supplemented with 500 IU ml À1 nisin, depending on the experiment.
Nisin preparation
Pure nisin (gift from Applin & Barrett Ltd, Dorset, UK) was used in the study. It was dissolved in nisin diluent that contains 0Í02 N HCl and 0Í75% NaCl.The activity of 1 mg of pure nisin is 40 IU (Hurst 1981) . A stock solution of 10 5 IU ml
À1
was prepared and autoclaved at121 C for15 min
Measurement of heat resistance
The heat resistance of WTand the Nis r L. monocytogenes was assayed at 55, 60 and 65 C. The heat sensitivity of Nis r L. monocytogenes was also determined after growing the cells in the absence or presence of 500 IU ml À1 nisin.WTand Nis r L. monocytogenes cultures were prepared as described above and inoculated into 100 ml of TSBYG in 250 ml £asks. For Nis r cells, medium was supplemented with 500 IU ml À1 nisin if necessary. Cells were incubated without aeration at 30 C and were grown until late exponential phase. Cells were harvested by centrifugation for 10 min at 13 000 g at 4 C (Sorvall RC-5B, Dupont instruments, Wilmington, DE, USA), when the OD 660 reached 0Í6 (measured with spectrophotometer, UV 160 U Shimadzu Scienti¢c Instruments, Inc., Columbia, MD, USA). The cells were washed twice with 0Í1mol l À1 2-(N-Morpholino) ethanesulphonic acid bu¡er (Research Organics Inc., Cleveland, OH, USA) (MES), pH 7Í0.
The heat treatment was performed by transferring 1ml of the cell suspension into 9 ml of 0Í1mol l À1 MES bu¡er preheated to the appropriate temperature. The experiment was performed in`Hungate tubes' having a rubber septum cap. Using a suitable holder, the tubes were totally immersed into a temperature controlled water bath (Precision Scienti¢c Inc., Chicago, IL, USA). Samples of 0Í1ml were taken with a syringe at preset time intervals and immediately cooled on ice. Heat-treated samples were diluted 10 -fold in 0Í1% Peptone water (Difco). Appropriate dilutions were plated on TSBYG agar plates using a spiral plater (Model D, Spiral Biotech Inc., Bethesda, MD, USA) in duplicates. All plates were incubated at 30 C for 48 h. Colonies were counted with a Laser Bacteria Colony Counter (Model 500 A, Spiral Biotech Inc.).
Decimal reduction time (D-values) at 55, 60 and 65 C and z-values were calculated. The mean values of viable colony counts for each heating time were converted to log numbers, and plotted vs time in minutes. D-values were calculated by taking the negative reciprocal of slope from the linear portion of the curve. z-values were calculated from the decimal reduction time curve obtained by plotting log D-values vs the corresponding heating temperature. Each experiment was replicated three times. The means of heat resistance parameters were compared through analysis of variance (SAS software, Cary, NC, USA) test at the 5% level of signi¢cance for each treatment and conditions.
Combined effect of heat and nisin
The sensitivity of WTand Nis r L. monocytogenes to the combination of moderate heat (55 C) and nisin (500 IU ml
À1
) was determined. The Nis r cells were grown in the absence of nisin. Five hundred international units per millilitre nisin was added to the heating menstrum before the heat treatment.The menstrum for all experiments was 0Í1mol l À1 MES bu¡er with 10 mmol l À1 CaCl 2 (Sigma, St Louis, MO, USA) at pH 7Í0. Growth conditions were the same as described above with slight modi¢cation. Cells were harvested at late exponential phase, washed in 10 ml 0Í1mol l À1 MES bu¡er with 10 mmol l À1 CaCl 2 and resuspended in a preheated bu¡er. Samples of 0Í1ml were taken with a syringe, and immediately cooled on ice. To determine the initial cell number, the cells were resuspended in 1ml 0Í1mol l À1 MES bu¡er without nisin. Heat-treated samples were immediately centrifuged (3 min, 20 C, Micro Centrifuge Model 235C, Fisher Scienti¢c, Pittsburg, PA, USA) and washed twice in 1ml 0Í1mol l À1 MES bu¡er supplemented with 10 mmol l
CaCl 2 . Tenfold serial dilutions were performed in 0Í1% peptone water. The sensitivity of WT and Nis r cells to nisin was also assayed in the absence of heat. The cells were suspended in MES bu¡er containing 500 IU ml À1 nisin, at room temperature. Samples were taken every 7 min until 28 min.The e¡ect of heating at 55 C on the survival of WT and Nis r cells was also studied. Nisin was not added to the menstrum and the cells were heated at 55 C. Culture counts in all experiments were done by most probable number (MPN) (Garthright 1998) . MPNs were determined using 96 well microtitre plates. One hundred and eighty microlitres of TSBYG broth was added to the wells together with 20 ml of 10 -fold dilutions of treated samples. Each experiment was performed three times with ¢ve replicates. Plates were incubated at 30 C for 2 d. Growth at OD 650 was measured using a spectrophotometer. MPN of bacteria per ml was estimated from the MPN table (Garthright 1998) .
RESULTS AND DISCUSSION
The D-values (min) of wild type cells at 55, 60 and 65 C were 3Í72, 1Í20 and 0Í30, respectively (Table1).When the Nis r cells were grown in the absence of nisin there was no signi¢-cant di¡erence in their heat sensitivity as compared with the WT cells. It is di¤cult to compare the heat resistance of L. monocytogenes in our study with the previously published reports, because many factors a¡ect heat sensitivity. These include heating menstrum properties such as the concentration of water, fats, carbohydrates, proteins and salts (Hansen and Riemann 1963) . As reported previously, the D 60 C have ranged from 0Í63 min in phosphate bu¡er to 16Í7 min in ground meat (Farber 1989; Gaze et al. 1989; Mackey and Bratchell 1989; Boyle et al. 1990; Farber and Brown 1990; Foegeding and Leasor 1990; Harrison and Huang 1990; Knabel et al. 1990; Mackey et al. 1990; Bhaduri et al. 1991; Fain et al. 1991; Quintavalla and Campanini 1991; Schoeni et al. 1991) . The z-value obtained for the WT L. monocytogenes was 9Í09 C, consistent with published z-values which range from 4Í7^11Í45 C (Miles and Mackey1994; Palumbo etal.1995) .
The D 55 C of Nis r L. monocytogenes ATCC 700301 and 700302 grown in the presence of nisin was 2Í88 and 2Í77 min, respectively, signi¢cantly lower (a 0Í05) than D 55 C of wild type, 3Í72 min (Table1).The heat resistance of Nis r L. monocytogenes was not signi¢cantly di¡erent than the WT cells at 60 and 65 C, whether or not the Nis r cells were grown in the presence or absence of nisin. The di¡erential e¡ect of nisin as a function of heating temperature may be related to adsorbed nisin; at higher temperature it would be inactivated (Ueckert et al. 1998) . The z-values re£ect the heat resistance of the organism at di¡erent temperatures. Di¡erences in the zvalues can suggest a di¡erent mechanism of heat inactivation (Ababouch et al. 1995) . There was no signi¢cant di¡erence in the z-values for the wild type and Nis r L. monocytogenes. This indicates that nisin does not change the mechanism of heat inactivation. Mazzotta and Montville (1999) reported that Nis r Clostridium botulinum 169B were not more heat resistant than the wild type cells. Therefore, emergence of Nis r mutants of L. monocytogenes should not be a threat to existing thermal processes.
As much as 1Í5 mg of nisin caused more than a 2-log reduction in the initial cell number of L. monocytogenes within 2 min and a decrease in 80 % of internal ATP levels within the ¢rst minute of treatment (Winkowski et al. 1994) . When WT cells were subjected to the combined treatment of heat and nisin, a 3Í97 log reduction was observed during the initial minute of treatment (data not shown). In the case of WT cells, there was no synergism between heat and nisin; nisin alone caused a 4Í59 log reduction during the ¢rst 7 min (Fig.1a) .
The synergistic e¡ect of heat and nisin was pronounced for the Nis r cells.The individual treatments of heat and nisin had little e¡ect on the survival of Nis r cells; there was only 1 log reduction in 7 min when the cells were treated with nisin (Fig.1b,c) . Subjecting Nis r L. monocytogenes ATCC 700301 to a combined treatment of heat and nisin, caused a 3Í7 log reduction during the same interval and an additional 3Í85 log reduction in viability occurred during the next 21min of treatment (Fig.1b) . For Nis r L. monocytogenes ATCC 700302, the combined e¡ect of heat and nisin resulted in a 4Í28 log reduction in 7 min Maisnier-Patin et al. (1995) reported that addition of 25^50 IU ml À1 considerably reduced the time to achieve a 3^6 log reduction of L. monocytogenes in milk. In addition, combined treatment of heat and 50 IU ml À1 nisin reduced the D 54 C from 11Í76 to 2Í41min in milk. The synergy might be explained by heat-induced changes in membrane permeability (Ueckert et al.1998 ) acting in concert with nisin-induced changes in membrane composition (Mazzotta and Montville 1997) to facilitate nisin poration that leads to rapid cell death (Winkowski et al. 1994) . The e¡ect of heat and nisin treatment was less signi¢cant after 7 min (Fig.1) .When Nis r L. monocytogenes ATCC 700302 was treated with heat and nisin, a 4Í28 log lethality was observed during the ¢rst 7 min of treatment, while only a 3Í85 log reduction was observed during the next 21min of treatment (Fig.1c) .
In conclusion, these studies suggest that nisin resistance does not impact heat resistance of L. monocytogenes. In addition, the Nis r cells are further sensitized to sub-lethal heat by nisin.The nisin resistance should not adversely a¡ect the e¤-cacy of thermal processes against L. monocytogenes. 
